TERs (trans-2-enoyl-CoA reductases; EC 1.3.1.44), which specifically catalyse the reduction of crotonyl-CoA to butyrylCoA using NADH as cofactor, have recently been applied in the design of robust synthetic pathways to produce butan-1-ol as a biofuel. We report in the present paper the characterization of a CaTER (a TER homologue in Clostridium acetobutylicum), the structures of CaTER in apo form and in complexes with NADH and NAD + , and the structure of TdTER (Treponema denticola TER) in complex with NAD + . Structural and sequence comparisons show that CaTER and TdTER share approximately 45 % overall sequence identity and high structural similarities with the FabV class enoyl-acyl carrier protein reductases in the bacterial fatty acid synthesis pathway, suggesting that both types of enzymes belong to the same family. CaTER and TdTER function as monomers and consist of a cofactor-binding domain and a substrate-binding domain with the catalytic active site located at the interface of the two domains. Structural analyses of CaTER together with mutagenesis and biochemical data indicate that the conserved Glu 75 determines the cofactor specificity, and the conserved Tyr 225 , Tyr 235 and Lys 244 play critical roles in catalysis. Upon cofactor binding, the substrate-binding loop changes from an open conformation to a closed conformation, narrowing a hydrophobic channel to the catalytic site. A modelling study shows that the hydrophobic channel is optimal in both width and length for the binding of crotonyl-CoA. These results provide molecular bases for the high substrate specificity and the catalytic mechanism of TERs.
INTRODUCTION
In the modern world fossil fuels have been the dominant energy resource. Due to concerns about energy shortage and the sustainability of fossil fuels, extensive efforts have been made in the past decade to seek alternative energy sources. One approach is the synthesis of medium-chain volatile alcohols as biofuels by engineered micro-organisms [1] [2] [3] . Butan-1-ol, which is naturally synthesized from condensation of acetyl-CoA via a series of reversible reactions in Clostridium species, has attracted the most attention [4] [5] [6] . Several research groups have achieved high-titre and high-yield production of butan-1-ol through genetic manipulation of Clostridia [5, 7, 8] or development of recombinant non-native butan-1-ol-producing organisms through introduction of the genes of Clostridium and other organisms responsible for catalysis of the butan-1-ol synthesis reaction [9] [10] [11] [12] [13] . In particular, in several of those engineered pathways the high productivity of butan-1-ol (titre of 30 g/l and yield of 70-88 % of the theoretical value) is attributed to the replacement of C. acetobutylicum BCD (butyryl-CoA dehydrogenase) by TdTER [Treponema denticola TER (trans-2-enoyl-CoA reductase); EC 1.3.1.44] and the artificial build-up of NADH and acetylCoA as driving forces for the crotonyl-CoA reduction step [12, 13] .
Enoyl-CoA reductases, which belong to the superfamily of oxidoreductases and exist ubiquitously in all organisms, catalyse the reduction of enoyl-CoA to acyl-CoA using NADH or NADPH as a cofactor with usually reversible kinetics. TERs identified in Euglena gracilis and T. denticola utilize NADH as cofactor, exhibit high substrate specificity for crotonyl-CoA and moderate activity for hexanoyl-CoA, and possess no activity for the reverse oxidation reaction [13] [14] [15] . Notably, TdTER has a much higher activity than EgTER (E. gracilis TER) for the reduction of crotonyl-CoA to butyryl-CoA which can be further converted into butan-1-ol by the bifunctional butyraldehyde and butanol dehydrogenase [12, 13] . Homologues of TdTER and EgTER have been found in many prokaryotes and it was suggested that this distinct class of enzymes might be involved in a novel fatty acid synthesis pathway [14, 15] . Despite their great potential, the function and the catalytic mechanism of TERs remain unclear, limiting their usage in biosynthesis of biofuels.
We have identified CaTER (C. acetobutylicum TER) and determined the crystal structures of CaTER in the apo form and in complexes with NADH and NAD + , and the crystal structure of TdTER in complex with NAD + . CaTER exhibits similar biochemical properties as TdTER, but has a relatively weaker activity for crotonyl-CoA. The structural and biochemical data together reveal the key residues involved in the recognition and binding of the cofactor and the substrate and in the catalytic reaction of TERs. The sequence and structural comparisons also demonstrate that TERs and FabVs belong to the same family. These results are valuable for engineering of TERs in the design of more robust biosynthetic pathways to produce alcohols as biofuels.
MATERIALS AND METHODS

Cloning, expression and purification of CaTER and TdTER
The CaTER gene was amplified by PCR from the genomic DNA of C. acetobutylicum and cloned into the pET28a expression vector (Novagen). The TdTER gene was synthesized by Sangon Biotech and cloned into the pET22b expression vector (Novagen) for the structural study and the pET28a expression vector for the biochemical study. Each plasmid was transformed into Escherichia coli BL21(DE3) Rosseta strain cells (Novagen), and protein expression was induced with 0.2 mM IPTG (isopropyl β-D-thiogalactopyranoside) at 30
• C for 4 h. The cells were lysed on ice by sonication and the supernatant was used for protein purification. Protein purification was carried out by affinity chromatography using a Ni-NTA (Ni 2 + -nitrilotriacetate) Superflow column (Qiagen) followed by gel filtration using a Superdex 75 16/60 column (Amersham Biosciences). The purified protein was of high purity (above 95 %) as shown by SDS/PAGE, and was stored in 20 mM Hepes (pH 7.0), 50 mM NaCl and 2 mM DTT (dithiothreitol) for CaTER and in 20 mM Tris/HCl (pH 8.0), 50 mM NaCl and 2 mM DTT for TdTER. SeMet (selenomethionine)-substituted CaTER and TdTER proteins were prepared as for the native protein except that the bacterial cells grew in M9 medium. Constructs of the CaTER mutants containing various point mutations were generated using the QuikChange TM Site-Directed Mutagenesis kit (Stratagene) and verified by DNA sequencing. Expression and purification of the CaTER mutants were the same as for the wild-type enzyme.
Crystallization and diffraction data collection
Crystallization was performed using the sitting-drop vapour diffusion method at 16
• C. Prior to crystallization, the SeMet CaTER was incubated with 2 mM NADH. Crystals of the SeMet CaTER-NADH complex were grown from drops consisting of 1 μl of protein solution and 1 μl of reservoir solution containing 0.2 M Mg(CH 3 COO) 2 and 20 % PEG [poly(ethylene glycol)] 3350, which belong to space group C2 and contain one CaTER in an asymmetric unit with a solvent content of 46.1 %. Selenium SAD (single-wavelength anomalous dispersion) diffraction data were collected to 2.0 Å (1 Å = 0.1 nm) resolution from a flash-cooled crystal at 100 K. In an attempt to obtain crystals of substrate-bound CaTER or TdTER, the native and SeMet CaTER or TdTER were incubated with 2.5 mM crotonyl-CoA (Sigma) in the absence and presence of 2.5 mM NAD + . In the absence of NAD + , we obtained crystals of the apo SeMet CaTER from drops consisting of 1 μl of protein solution and 1 μl of reservoir solution containing 0.24 M K 2 HPO 4 and 22 % PEG3350, which belong to space group P2 1 2 1 2 1 and contain one CaTER in an asymmetric unit with a solvent content of 51.8 %. In the presence of NAD + , we obtained crystals of the NAD + -bound native CaTER from drops consisting of 1 μl of protein solution and 1 μl of reservoir solution containing 0.2 M ammonium citrate (pH 7.0) and 20 % PEG3350, which also belong to space group P2 1 2 1 2 1 and contain one CaTER in an asymmetric unit with a solvent content of 42.7 %. Diffraction data for the apo SeMet CaTER and the NAD + -bound native CaTER in space group P2 1 2 1 2 1 were collected to 2.1 Å and 2.7 Å resolution respectively. Crystals of the SeMet TdTER-NAD + complex were grown from drops consisting of 1 μl of protein solution and 1 μl of reservoir solution containing 0.1 M Bis-Tris (pH 8.0), 22 % PEG3350 and 10 μM sacrosine, which belong to space group P1 and contain 16 TdTER molecules in an asymmetric unit with a solvent content of 51.7 %. The selenium SAD diffraction data of TdTER were collected to 3.0 Å resolution from a flash-cooled crystal at 100 K. All diffraction data were collected at beamline 17U of Shanghai Synchrotron Radiation Facility (SSRF), China and processed using HKL2000 [16] . The statistics of the diffraction data are summarized in Table 1 .
Structure determination and refinement
The structure of the SeMet CaTER-NADH complex was solved by the SAD method using Phenix [17] . There was strong electron density for an NADH at the active site of CaTER. The structure refinement was carried out against the 2.0 Å SAD data using Phenix [17] and Refmac5 [18] . The model building was performed using Coot [19] . The structures of the apo SeMet CaTER and the NAD + -bound native CaTER were solved by MR (molecular replacement) method using the structure of the SeMet CaTER-NADH complex as the search model. There was good electron density for an NAD + at the active site in the latter structure. The structure of the SeMet TdTER-NAD + complex was solved by MR using the structure of the SeMet CaTER-NADH complex as the search model. There was weak, but evident, electron density for an NAD + at the active site of each TdTER and we were able to build confidently NAD + in 8 out of the 16 TdTER molecules in the asymmetric unit. The stereochemical geometry of the structures was analysed using Procheck [20] . The figures were generated using PyMol (http://www.pymol.org). The statistics of the structure refinement and the quality of the final structure models are also summarized in Table 1 .
Enzyme activity assay
The activities of CaTER and TdTER to convert crotonyl-CoA into butyryl-CoA were assayed by monitoring the oxidation of NADH to NAD + over time at 340 nm using a Beckman Coulter DU800 spectrophotometer. The reaction mixtures consisted of 0.1 M K 2 HPO 4 buffer (pH 6.2), 0.4 μM CaTER or TdTER, 0.4 mM NADH, and a varied concentration of crotonyl-CoA (60-500 μM) in a total volume of 100 μl. The enzyme was preincubated with NADH for 10 min before the addition of crotonylCoA. The specific activity of the enzyme was measured at a fixed concentration of crotonyl-CoA (500 μM). The oxidation activity for the reverse reaction was measured by monitoring the reduction of NAD + in a reaction mixture consisting of 0.1 M K 2 HPO 4 buffer (pH 6.2), 0.4 μM CaTER or TdTER, 0.4 mM NAD + and 500 μM butyryl-CoA. The apparent kinetic parameters K m and k cat (Table 2) were determined by fitting the kinetic data to the Michaelis-Menten equation using the nonlinear regression analysis method implemented in Prism 4.0 for Windows (GraphPad Software). All experiments were carried out at 25
• C and repeated at least twice under the same conditions.
Docking experiment
The trans-2-crotonyl-CoA substrate was docked into the CaTER-NADH complex using AutoDock4 [21] . The co-ordinates of crotonyl-CoA were retrieved from the crystal structure of its complex with Clostridium symbiosum glutaconyl-coA decarboxylase A subunit (PDB code 3GLM). All hydrogen atoms were added to the substrate and charges were assigned by the Gasteiger calculation using AutoDockTools4 [21] . Polar hydrogen atoms were added to the CaTER-NADH complex after the removal of the water molecules. The substrate was then docked in a 40 Å cube with a spacing of 0.375 Å encompassing the active site. The docking calculation was carried out using the Lamarckian genetic search algorithm [22] with a standard setup of an initial population of 50 randomly chosen orientations, a maximum of 250 000 energy evaluations, a mutation range of 0.02, a cross-over rate of 0.80 and an elitism value of 1.0 for each run. A total of ten independent docking runs were performed and ranked according to their mean docking energy by the scoring function of AutoDock4. Docking results were clustered using a cut-off of 2 Å RMSDs (root mean square deviations). The docking models were further optimized by energy minimization using GROMACS 4 [23] with the GROMOS 53a6 force field [24] .
RESULTS AND DISCUSSION
Biochemical characterization of CaTER and TdTER
To identify TER homologues in other organisms as alternatives in the development of synthetic pathways for the production of butan-1-ol, we carried out a sequence search in GenBank ® and identified a TER homologue in C. acetobutylicum (GenBank ® accession number AE001437). A comparison of the amino acid sequences of CaTER and TdTER shows a moderate sequence homology (45 % identity and 62 % similarity). Biochemical analysis shows that, as expected, TdTER prefers NADH rather than NADPH as a cofactor and has high activity for crotonoylCoA, but no detectable activity for the reverse oxidation reaction. The specific activity of TdTER for crotonoyl-CoA was determined to be 455.8 units/mg, which is about 10-fold higher than that reported by Tucci and Martin [15] (Table 2 ). This discrepancy might be due to the difference in the purities of the enzyme which was purified by one-step affinity chromatography by Tucci and Martin [15] , but purified by affinity chromatography followed by gel filtration in the present study. CaTER possesses similar enzymatic properties as TdTER; however, the specific activity of CaTER for crotonoyl-CoA is about 14. 
Overall structures of CaTER and TdTER
To understand the molecular basis of the substrate specificity and the catalytic mechanism of TERs, we solved the structures of CaTER in apo form at 2.1 Å resolution, in complex with NADH at 2.0 Å resolution and in complex with NAD + at 2.7 Å resolution, and the structure of TdTER in complex with NAD + at 3.0 Å resolution (Table 1) . CaTER consists of 398 residues with a theoretical molecular mass of 45.7 kDa and TdTER comprises 397 residues with a theoretical molecular mass of 44.8 kDa. The full-length CaTER is well defined in the apo and the NADH-bound structures, whereas residues 1-9 and 147-148 are disordered in the NAD + -bound structure. In the CaTER-NADH complex, the bound NADH is well defined with strong electron density (Supplementary Figure S1 at http://www. biochemj.org/bj/449/bj4490079add.htm); in the CaTER-NAD + complex the bound NAD + has evident, but relatively weaker, electron density compared with NADH (Supplementary Figure  S1 ) and a relatively higher average B factor (56.4 Å 2 ) compared with the protein (44.6 Å 2 ) (Table 1) , indicating a partial occupancy and/or a high flexibility. In the TdTER-NAD + structure the fulllength protein is well defined for all 16 TdTER molecules in the asymmetric unit; however, only eight TdTER molecules were modelled as the NAD + -bound form and others such as the apo form due to the poor density of the cofactor (Supplementary Figure S1) . As in the CaTER-NAD + complex, the bound NAD + has a higher average B factor (93.5 Å 2 ) compared with the protein (67.7 Å 2 ) (Table 1) , indicating a low occupancy and/or a high flexibility. It is noteworthy that in the CaTER-NADH structure, there is an evident spherical density near the pyrophosphate moiety of NADH which is interpreted as a Na + ion (Supplementary Online data at http://www.biochemj.org/ bj/449/bj4490079add.htm). A similar metal ion is also observed at the equivalent position in the apo and NAD + -bound CaTER structures. The biological significance of this metal ion is elusive.
TERs belong to the SDR (short-chain dehydrogenase/ reductase) superfamily. Both CaTER and TdTER adopt the typical architecture of SDR enzymes [25] and comprise two domains: a cofactor-binding domain and a substrate-binding domain ( Figure 1A ). The cofactor-binding domain assumes a typical Rossmann fold consisting of a six-stranded parallel β-sheet (β3-β6 and β11-β12) flanked by five α-helices (α1-α3, α10 and α14) on one side and three α-helices (α4, α6 and α7) on the other. The substrate-binding domain consists of five α-helices (α8, α9 and α11-α13) on one side, two α-helices (α5 and the N-terminal part of α7), a short 3 10 α-helix (η1) and a β-hairpin (β7 and β8) on the other, and a β-hairpin (β9 and β10) covering the top. The catalytic active site is located at the interface between the two domains.
Structural comparisons of the three CaTER structures show no significant conformational differences in the overall structures (an RMSD of 0.82 Å for the 392 Cα atoms between the apo and the NADH-bound forms, an RMSD of 0.57 Å for the 382 Cα atoms between the apo and the NAD + -bound forms, and an RMSD of 0.89 Å for the 381 Cα atoms between the NADHbound and the NAD + -bound forms) ( Figure 1B ). However, notable conformational changes are observed in helix α8 and the two flanking loops (from Val 275 to Pro 286 ) which are denoted as the substrate-binding loop in analogy to other SDR enzymes. Compared with the apo form, the substrate-binding loop in the NADH-bound form moves closer towards the active-site pocket by an average distance of 3.0 Å (calculated on the basis of the positions of the Cα atoms), narrowing the hydrophobic channel leading to the active site ( Figure 1B ). In addition, several residues at the active site particularly Tyr 235 and Thr 276 change their sidechain conformations to interact with the cofactor (see results below). Interestingly, the conformation of the substrate-binding loop in the NAD + -bound form is more similar to that in the apo form than that in the NADH-bound form ( Figure 1B) . Analysis of crystal packing in these three structures indicates that the substrate-binding loop is not involved in intermolecular contacts, and thus its conformation is not constrained by the crystal lattices. Thus the conformational difference in the substrate-binding loop between the NADH-and NAD + -bound forms is biologically relevant and reflects the structural difference of the two enzymatic states in the catalytic reaction.
Structural comparison of the 16 TdTER molecules in the asymmetric unit shows no notable conformational differences in the overall structure or in the substrate-binding loop (RMSDs of <0.40 Å for all Cα atoms) (Supplementary Figure S2 at http://www.biochemj.org/bj/449/bj4490079add.htm). Thus one NAD + -bound TdTER was chosen as the representative in the following structural analysis and discussion. Although CaTER and TdTER share only a moderate sequence homology (45 % identity and 62 % similarity), the two enzymes show a high structural similarity with identical secondary structure elements ( Figure 1C) . A detailed structural comparison shows that the NAD + -bound TdTER is more similar to the apo or NAD + -bound CaTER (an RMSD of 1.16 Å for the 377 Cα atoms) than the NADH-bound CaTER (an RMSD of 1.26 Å for the 374 Cα atoms), particularly in the substrate-binding loop ( Figure 1C) . The open conformation of the substrate-binding loop in the TdTER-NAD + complex is consistent with the low occupancy of NAD + at the active site and the weak binding of NAD + with the surrounding residues (see below).
TERs and FabVs belong to the same enzyme family
A structural similarity search against the PDB using the Dali Server [26] reveals that CaTER and TdTER share very high structural similarities with XoFabVs (Xanthomonas oryzae FabVs) [27] and YpFabVs (Yersinia pestis FabVs) [28] . Superimposition of the apo-CaTER with the apo-XoFabV (PDB code 3S8M) yields an RMSD of 1.39 Å for the 375 Cα atoms, and superimposition of the NADH-bound CaTER with the NADH-bound YpFabV (PDB code 3ZU3) yields an RMSD of 1.30 Å for the 378 Cα atoms (Supplementary Figure S3 at http://www.biochemj.org/bj/449/bj4490079add.htm). FabVs were characterized as a novel class of enoyl-ACP (acyl-carrier protein) reductases [29, 30] . Enoyl-ACP reductases catalyse reduction of the double bond of enoyl-ACP to produce acyl-ACP in the last, and rate-limiting, step of the bacterial FAS-II (fatty acid synthesis) pathway, and are divided into four classes: FabI, FabL, FabV and FabK. The first three classes use NADH or NADPH as a cofactor and belong to the SDR superfamily [25, 31] . Within these three classes, only FabI and FabV have a typical Rossmann fold motif. However, the FabV class is distinct from the FabI class in several aspects: FabVs are relatively larger than FabIs (∼ 400 residues compared with ∼ 260 residues) and the majority of the extra residues are located in and around the active site; FabVs exist as a monomer rather than a dimer or tetramer as adopted by FabIs; and FabVs contain an active-site consensus sequence (YX 8 K) different from that of FabIs (YX 6 K) [28, 30] . Sequence alignment of TERs and FabVs from different species demonstrates that these enzymes share about 45 % sequence identity among members of each family and between members of the two families, which is much higher than their similarities to the other classes of enoyl-ACP reductases, including FabI, FabL and FabK (about 15 % identity). Particularly, the functionally important residues that are involved in substrate binding, cofactor binding and catalysis are almost strictly conserved among the identified TERs and FabVs ( Figure 1D ). These results suggest that TERs and FabVs belong to the same enzyme family.
Previously, TERs were defined as a unique family of enoylCoA reductases in prokaryotes that catalyse reduction of the double bond of enoyl-CoA to produce acyl-CoA using NADH as cofactor, and were suggested to function in a novel fatty acid synthesis pathway that uses enoyl-CoAs rather than ACP-bound enoyl intermediates as the substrate [14, 15, 32] [29] . Although the activities of TERs against crotonoyl-ACP were not examined [14, 15] , with the high similarities in both sequence and structure between TERs and FabVs, it is possible that TERs might also use both enoyl-CoAs and enoyl-ACPs as the substrate and function in the bacterial FAS-II pathway to catalyse the reduction of enoyl-ACPs to acyl-ACPs. In particular, CaTER is very likely to exert such function as no other SDR enoyl-ACP reductases have been identified in C. acetobutylicum.
Cofactor binding and specificity
TERs and FabVs contain a strictly conserved cofactor-binding motif, GxxxGxG, between β3 and α2 in the Rossmann fold ( Figure 1D ) which is different from some other members of the SDR superfamily [25] . The cofactor-binding site of CaTER resides at the bottom of the active-site pocket. In the CaTER-NADH structure, the bound NADH assumes an extended conformation which is stabilized by hydrogen-bonding interactions with several conserved residues of the surrounding loops (Figure 2A) 49 . Most of these interactions are also observed in the NADH-bound YpFabV structure [28] and the majority of the involved residues are strictly conserved in TERs/FabVs ( Figure 1D ). The functional importance of some of these conserved residues has been confirmed by the biochemical data showing that mutations of the corresponding residues in XoFabV and BmFabV (Burkholderia mallei FabV; equivalent to Ser 50 , Phe 52 , Asp 111 , Tyr 235 and Lys 244 of CaTER) either abolish or significantly impair the enzymatic activity [27, 30] . These results suggest that the recognition and binding of NADH might be conserved in TERs and FabVs. The previous kinetic data have shown that the catalytic reaction of BmFabV follows a sequential Bi Bi mechanism with NADH binding first and NAD + dissociating last [30] . In the NAD + -bound CaTER and TdTER, NAD + is defined with relatively weaker electron density (Supplementary Figure S1) and maintains fewer interactions with the surrounding residues compared with NADH in the NADH-bound CaTER structure, although most of the residues involved in the interactions with NADH and NAD maintain similar conformations (Figures 2A-2C) . Additionally, the substrate-binding loop assumes a conformation similar to the open one in the apo-CaTER rather than the closed one in the NADH-bound CaTER ( Figure 1B) , and Thr 276 on the loop and Tyr 235 at the active site also assume conformations similar to those in the apo-CaTER and do not interact with NAD + ( Figure 2D ). There are no notable differences in the cofactorbinding site between the CaTER-NAD + and TdTER-NAD + with the surrounding residues in the CaTER-NAD + complexes might allow the product to dissociate easily from the enzyme.
TERs possess high activity for the reduction reaction, but no activity for the reverse oxidation reaction ( [13] [14] [15] and the present study). Previously, Bond-Watts et al. [12] reported that TdTER has a much higher affinity for NADH than NAD + , which is in agreement with the structural data showing that NAD + has weaker interactions with the enzymes compared with NADH. These results suggest that there is a large equilibrium constant favouring the reduction reaction, thereby resulting in the irreversibility of the reduction reaction. The large equilibrium constant favouring the reduction reaction for TERs could be explained by the remarkable difference in the redox potentials of the reduction reaction and the oxidative reaction: the NAD + /NADH pair possesses a much lower redox potential ( − 320 mV) than that of the crotonyl-CoA/butyryl-CoA pair ( − 125 mV), keeping the acyl-CoA derivative largely in the reduced state [33] .
Interestingly, although most of the TERs and FabVs use NADH as a cofactor, EgTER can use either NADH or NADPH as a cofactor [14, 15, 29, 30] (Table 2 ). NADH and NADPH are differentiated only by the 2 -phosphate of the adenine ribose of NADPH. Structural and sequence analyses of TERs/FabVs from various species indicate that a conserved glutamic acid (Glu 75 in CaTER and YpFabV and Glu 80 in TdTER) plays an important role in discriminating NADH against NADPH. In the NADH-and NAD + -bound CaTER structures, the side chain of Glu 75 recognizes the 2 -OH of the adenine ribose of NADH via a hydrogen bond. A similar hydrogen-bonding interaction is also observed in the TdTER-NAD + and YpFabV-NADH complexes. Intriguingly, EgTER has an alanine residue at the equivalent position ( Figure 1D) . A modelling study indicates that the side chain of Glu 75 would have steric conflict with the 2 -phosphate of the adenine ribose of NADPH, and substitution of Glu 75 with an alanine residue would create space to accommodate the 2 -phosphate of NADPH ( Figure 2F ), hence conferring the enzyme an ability to use both NADH and NADPH as a cofactor. This hypothesis is verified by the biochemical data that the E75A CaTER mutant can indeed use both NADH and NADPH as cofactor ( Table 2 ). The specific activity of the E75A CaTER mutant was determined to be 8.2 units/mg using NADH as cofactor (3.8-fold lower than the wild-type enzyme), and 10.0 units/mg using NADPH as cofactor (5.0-fold higher than the wild-type enzyme). These results provide the molecular basis for the distinct cofactor specificities of different TERs/FabVs.
Substrate specificity
TdTER and EgTER exhibit high activity for crotonyl-CoA, but weak activity for hexenoyl-CoA [14, 15] . Our biochemical data show that CaTER also displays high activity for crotonyl-CoA. To investigate the substrate binding mode and substrate specificity of TERs, extensive efforts were made to obtain structures of CaTER and TdTER in complex with the crotonyl-CoA substrate; however, none were obtained by co-crystallization or soaking experiments. As described above, the binding of NADH induces a conformational change of the substrate-binding loop by about 3.0 Å, narrowing the hydrophobic channel connecting the active site ( Figure 1D ). The hydrophobic channel in the CaTER-NADH structure appears to be appropriate in both width and length for binding the crotonyl and pantetheine moieties of crotonyl-CoA ( Figure 3A ). In addition, there is a large surface groove near the entrance to the channel which could be the binding site of the CoA moiety of the substrate. Thus we docked a trans-2-crotonyl-CoA into the active site of the CaTER-NADH complex using AutoDock4 [21] , which reveals some insight into the substrate-binding mode and the high substrate specificity of CaTER (and possibly other TERs).
In the docking model, crotonyl-CoA assumes an extended conformation and adopts a binding mode similar to that of the fatty acyl substrate in the structure of the FabI class Mycobacterium tuberculosis InhA (enoyl-ACP reductase) in complex with a C16 fatty acyl substrate (PDB code 1BVR) [34] (Figures 3A and 3B) It is interesting to note that most of the residues involved in the interactions with the crotonyl and pantetheine moieties are highly conserved in TERs/FabVs except Phe 285 ( Figure 1D ). The side chain of Phe 285 is positioned at the deep end of the substrate-binding channel and appears to block further entry of the enoyl moiety. Substitution of Phe 285 with a residue containing a smaller side chain might allow the binding of a slightly longer chain substrate, suggesting that with the variance at this position, TERs/FabVs might be able to catalyse the reduction of substrates with different chain lengths.
The pyrophosphate and 3 -phosphate-adenosine moieties of the substrate are accommodated in the large surface groove formed mainly by Phe 11 (Figures 3A and 3B) . The adenosine ribose is stabilized by hydrogen-bonding interactions with the side chain of Arg 82 and the main chain of Ile 12 . Interestingly, the docking model suggests that substitution of Phe 11 with a lysine could introduce a hydrogen-bonding interaction with the 3 -phosphate of the adenosine moiety. Indeed, the biochemical data show that the F11K CaTER mutant has an increased affinity for crotonyl-CoA (3.3-fold), but no marked change in the k cat value (Table 2) , providing supporting evidence for the validity of the docking model.
Functional roles of the active-site residues in the catalytic mechanism
The catalytic mechanism of the SDR superfamily members has been studied extensively; it consists of the formation of an enolate intermediate through direct transfer of a hydride ion from NADH (or NADPH) via a nucleophilic addition to the C3 atom of the substrate followed by protonation of the thioester carbonyl [25, [34] [35] [36] . It is well established that the cofactor donates a hydride to the C3 atom of the substrate, but no consensus has been reached yet about where a proton comes from. Additionally, a consensus sequence at the active site is implicated to play critical roles in the catalytic reaction.
FabVs contain a consensus YX 8 K sequence at the active site preceded by another strictly conserved tyrosine residue (corresponding to Tyr  225 in YpFabV and BmFabV and Tyr   226 in XoFabV), which is, however, different from the other SDR enoyl-ACP reductases [29, 30] . The functional importance of these residues of FabVs in catalysis has been verified by the mutagenesis, biochemical and structural data [27, 28, 30] Figure 1D ). Our mutagenesis data confirm that these residues play important roles in catalysis. Specifically, replacements of Tyr 235 with phenylalanine and Lys 244 with alanine completely abolish the activity and mutation of Tyr 225 to alanine decreases the k cat by 12-fold, but has no significant effect on the K m value of NADH (Table 2) .
The biochemical data are consistent with the BmFabV contains a lysine residue (Lys 245 ) following the activesite residue Lys 244 which is suggested to play a role in the substrate binding [30] . However, this lysine residue is not conserved in FabVs, and XoFabV contains a valine residue at the equivalent position whose mutation to alanine has no evident effect on the enzymatic activity [27] . In the YpFabV structure, the side chain of the equivalent Lys 245 points away from the substrate-binding pocket and is unlikely to interact directly with the substrate [28] . In our CaTER and TdTER structures, the corresponding residue (Lys 245 of CaTER or Lys 250 of TdTER) also orients its side chain away from the substrate-binding pocket and is not involved in the substrate binding; this is in agreement with the kinetic data showing that mutation K245A in CaTER has no significant effect on the enzymatic activity (Table 2 ). These results indicate that Lys 245 of CaTER or the equivalent in other TERs is not a key residue in substrate binding or catalysis.
On the basis of the structure of β-ketoacyl-ACP reductase FabG of the SDR superfamily, it is proposed that a hydrogenbonding network formed by the highly conserved tyrosine and lysine residues at the active site and several water molecules functions as a proton relay system to replenish a proton from the solvent to the thioester carbonyl of the substrate in catalysis [37] . Intriguingly, a similar hydrogen-bonding network is observed in the NADH-bound CaTER structure. Specifically, the side chain of Tyr 235 forms a hydrogen bond indirectly with the 2 -hydroxyl of the nicotinamide ribose via a water molecule; the side chain of Lys 244 forms two hydrogen bonds with both 2 -and 3 -hydroxyls of the nicotinamide ribose; and a water molecule mediates a network of hydrogen bonds between the side chain of Lys 244 , the main-chain carbonyl of Met 196 , and three additional water substrate and the surrounding residues are indicated with broken lines. (C) Comparison of the catalytic active site in the docked model of CaTER-NADH in complex with crotonyl-CoA and the structure of InhA in complex with NAD + and a substrate (PDB code 1BVR). The colour scheme for the CaTER-NADH complex is the same as in (B). The InhA-NAD + complex is coloured as NAD + in green, the substrate in blue and the surrounding residues in magenta. The potential hydrogen-bonding network between the substrate, the cofactor and the surrounding residues is indicated with broken lines. The labels for CaTER and InhA are coloured black and magenta respectively. (D) A schematic diagram of the proposed catalytic mechanism of CaTER showing the functional roles of the active-site residues and the cofactor. NADH donates a hydride to the C3 atom of the substrate. A potential hydrogen-bonding network acts a proton relay system to replenish a proton from the solvent to the thioester carbonyl of the substrate. molecules (Figure 2A) . Furthermore, in the docking model of CaTER in complex with the substrate, the position of the water molecule bridging the interaction of Tyr 235 and the nicotinamide ribose is occupied by the thioester carbonyl of the substrate, and the hydroxyl of Tyr 235 is in a position to make hydrogen-bonding interactions with both the thioester carbonyl of the substrate and the 2 -hydroxyl of the nicotinamide ribose ( Figures 3B  and 3C ). These results suggest that CaTER may use a similar proton relay system to replenish a proton from the solvent to the thioester carbonyl of the substrate and that both Tyr 235 and Lys 244 participate in the proton relay system and play important roles in the protonation of the carbonyl during the catalytic reaction.
In several engineered butan-1-ol biosynthesis pathways, the replacement of BCD by TdTER in the crotonyl-CoA reduction step is considered as one of the driving forces for the high productivity of butan-1-ol [12, 13] . Although both BCD and TER can catalyse the reduction of crotonoyl-CoA to butyryl-CoA, sequence alignment of TERs and BCDs from different species shows that the two families of enzymes share no detectable sequence homology with an overall sequence identity of <10 % (results not shown). Consistently, structure comparison of CaTER and Megasphaera elsdenii BCD [38] shows that the overall structures and the active-site structures of the two enzymes are completely different (results not shown). These results suggest that TER and BCD might employ different catalytic mechanisms for the reduction of crotonyl-CoA to butyryl-CoA.
Taking the structural, modelling and biochemical data of CaTER and TdTER together we can propose the functional roles of the active-site residues in the catalytic mechanism of CaTER and probably other TERs ( Figure 3D The bound cofactors and the residues which might contribute to the conformational difference between Lys 244 in CaTER and Lys 249 in TdTER are shown as stick models and coloured accordingly. The labels for CaTER and TdTER are coloured pink and black respectively.
